Abstract -With the introduction of Long Term Evolution (LTE) cellular networks, the spectral efficiency should be maximized according to the required high data rate. However, any increase in spectral efficiency will lead to an undesirable increase in power consumption, and thus lower energy efficiency will be obtained. Therefore, a new problem in radio resource allocation is addressed to manage the bandwidth and power resources according to LTE and Green communication requirements. So far, the main objective of the most radio resource allocation algorithms is to increase the data rate without much consideration of the energy or power metrics. Some of them had to minimize the power consumption at a given data rate requirements. In this paper, we propose a multi-objective radio resource function which aims to maximize energy efficiency at a given data rate requirement. This function will consider dynamic subcarrier assignment to assign different subcarriers to different users. A multiuser orthogonal frequency division multiplexing (OFDMA) represents the physical layer of LTE system along with a single transmitting antenna to transmit the data in a frequency flat fading channel. It has been shown that the transmission bandwidth and modulation order have impacts on the energy efficiency.
INTRODUCTION
Due to the high growth of mobile communication and internet, the energy consumption in communications sector has received a big attention on both corporate and governmental levels. Gartner in [1] claims that the number of computers will approach to 2 billion units by year 2014, and more than 50 % of the world population will own mobile phones according to United Nations figures. Therefore, the issue of the green IT and green radio communication are brought forth. The energy in the telecommunication networks is consumed by three different parts [2] . First, the access network which includes the main and auxiliary equipments such as the cooling facilities. Second, the core network which includes the hardware equipments and traditional servers having high energy demands. Finally, the transmission network where the modulation, resource allocation and routing optimization occurs. These energy expenditures can be optimized by lowering the equipment usage and/or adjusting the resource allocation as shown in Fig.  1 . Decreasing the equipment usage procedures are behind the goal of this paper. However, the resources can be allocated to users in a way such that the energy efficiency can be optimized.
In 3GPP Long Term Evolution (LTE) networks, high data rate is required compared to previous cellular standards. This high data rate values give more challenges in term of power consumption. Therefore, the energy-efficiency should be maximized subject to the data rate requirements of LTE networks. The rest of the paper is organized as follows. In section 2, the LTE resource block along with the frame structure is emphasized. Then, the state of art of the adaptive resource allocation is overviewed in section 3. In Section 4, the system model of the LTE downlink transmission is proposed and the maximization of the energy efficiency is verified. Finally, we conclude the paper in section 5.
II. LTE PHYSICAL RADIO RESOURCES
Some of the considered technologies in LTE are relatively new to cellular communications. One of these technologies is Orthogonal Frequency Division Multiple Access "OFDMA" which represents the modulation and multiplexing scheme in the physical layer of LTE and LTE-Advanced cellular systems. The systems that are prior to LTE have used the single carrier approach as a modulation scheme. In LTE systems, the channel bandwidth in the downlink transmission can be chosen between 14 -20 MHz depending on the non-utilized spectrum [3] . According to these different channel bandwidths, the transmission bandwidth can be set into six different values in terms of resource block (RB) as shown in Table 1 shows that the transmission bandwidth is smaller than the channel bandwidth due to the unused subcarriers. Figure 2 also shows the difference between the transmission bandwidth and the channel bandwidth due to the active resource block.
A. LTE frame structure
The LTE frame can be classified into two types according to the duplexing mode used in the transmission [4] . Type 1 LTE frame is considered when the frequency division duplex (FDD) mode is used in the transmission. The length of the Type 1 LTE frame is 10 ms which is divided into 20 individual 0.5 ms slots, each two slots makes a 1 ms LTE subframe. Each 0.5 ms time slot represents the LTE RB which consists of 84 resource elements (7 OFDM symbols by 12 subcarriers) as shown in Fig. 3 .
When the time division duplex (TDD) transmission mode is used, the Type 2 LTE frame is considered. The radio frame of 10 ms is divided into two 5 ms half frame. Each half frame consists of eight 0.5 ms time slots and three fields for control and guard time purposes. The LTE TDD gives flexibility in changing the uplink and downlink rates to meet the conditions.
B. Data allocation
In LTE cellular systems, the data is allocated to a specific user by allocating its corresponding RB. More than one RB can be allocated to one user. These RBs do not have to be adjacent to each other in frequency domain. However, their allocation depends on the channel condition of different users, the overall interference conditions, quality of service (QoS) requirements, and etc. Figure 4 shows the downlink data to different users [4] . 
III. RADIO RESOURCE MANAGEMENT
The radio resource management refers to a series of steps to determine the timing, ordering and the amount of the resources to be allocated to each user in a wireless multiuser environment. These steps should be applied due to the limited radio resources, i.e. bandwidth, transmission power and antennas. The frequency spectrum is a limited natural resource and not free of charge. The power of the battery of any mobile device is also limited and not renewable. Furthermore, the power consumption needs to be minimized due to the green requirements. Finally, using multiple antennas in the design of mobile communication is also limited because of the limited size of mobile devices. Therefore, it is very important to manage these resources and utilize them in an optimal way such that the overall performances will be enhanced. According to this introduction, the radio resource allocation is classified into many types according the objective function that need to be optimized.
A. Rate adaptive
In multi-user scenario, one of the classical optimization problems is to utilize the system bandwidth efficiently such that the base station can transmit with a maximum rate to the served user. This problem also known as maximization of sumrate capacity and can be formulated in the k-th transmission time interval as
where J is number of users, N is the number of subcarriers, ߜ 2 represents noise power per subcarrier, p n is the amount of transmitted power and g n is the channel gain. This problem embeds two constraints. The first constraint indicates that the subcarrier cannot be allocated to more than one user served by the same base station, and therefore, no intra-cell interference. The second constraint shows the maximum available power in the base station. The initial work that maximizes the data rate in the rate adaptive allocation problem by using OFDMA has been proposed in [5] . The authors proposed a two-step algorithm. First, the power and number of subcarriers are allocated for each user according to their average channel condition. Then, suitable subcarriers are chosen to maximize the data rate. Instead of maximizing the data rate, the authors in [6] proposed a suboptimal algorithm to maximize the minimum user's capacity. This suboptimal algorithm performed like an optimal and has achieved 50-130% of capacity gain over a non-adaptive TDMA resource allocation. However, the nonlinear optimization problem formulated in [6] has been converted into linear by the authors in [7] by using integer programming (IP). In [8] , the authors found that the data rate of multiuser OFDM is maximized when a subcarrier is assigned to only one user with the best channel gain for that subcarrier, and they propose an equal power allocation to reduce the complexity in calculating the water-filling level.
B. Rate adaptive with fairness
In this problem, the objective in the optimization problem is to improve fairness among users by assigning appropriate subcarriers and allocate the corresponding power levels. This problem can be formulated as [9] , [10] 
The fairness rule considered in this problem is the max-min fairness [11] . This rule indicates that the lower data rate (ϵ) is maximized. In [12] , the overall data rate was maximized while maintaining proportional fairness among users by carrying out the subcarrier and power allocation separately. This work has been extended by the authors in [13] so that subcarrier and power allocations are performed jointly to minimize the overall complexity. However, both [12] and [13] assumed infinite granularity bit rate which is hard to be achieved in many practical transmission systems. In [14] , the authors considered the finite granularity bit rate in their subcarrier and bit allocation algorithm assuming that the overall power is uniformly allocated on each subcarrier. Another approach to maximize the data rate under power and minimal rate constraints was proposed by [15] . The authors proposed a fairness criterion based on Nash bargaining solutions and coalitions (Game-theory approach). The simulation results showed that this approach has achieved a comparable system data rate with the scheme that maximizes the data rate without fairness.
All of the algorithms mentioned above only consider channel condition of the users. However, the authors in [16] considered not only channel condition but also the queue status of each user by proposing a cross-layer subcarrier and bit allocation algorithm with proportional fairness. The authors originate this concept from the fact that the resource will be wasted if it is allocated to a user that has not enough packet to transmit. Therefore the queue length constraint has been added to the list of constraints proposed in the previous algorithms.
C. Margin adaptive
Another basic optimization problem is to find the minimum power consumption that guarantees a minimum QoS requirement for all users [17] , [18] . This problem can be formulated as
The solution of this problem has an advantage of saving power. Moreover, it can enhance the channel quality in multiuser scenario by reducing the co-channel interference. For margin adaptive (MA) allocation problems, the initial work has been proposed in [19] which represents a baseline for another works that follow in spite of the high complexity involved in solving the MA optimization problem. Adaptive subcarrier, bit, and power allocation have been achieved to minimize the required transmit power. This approach has been modified by [20] to reduce the complexity through introducing more computational suite of algorithms to minimize the transmit power. These works of [19] , [20] treat each subcarrier independently. In [21] , another approach of grouping the highcorrelated subcarriers has been introduced. The idea is to group the high correlated subcarriers into blocks of equal spectral size, then assigning each block to each user. Other contributions that follow the subcarrier grouping are, but not limited to, [22] - [24] . The MA problem is also considered for uplink transmission in [25] by treating the problem as an integer linear programming problem. The authors in [25] considered the multiple access interference (MAI) and their algorithm exhibits two different behaviors depending on the traffic load. If the load is below a certain threshold, the algorithm converges to a steady state power and resource allocation. Otherwise, the system becomes unstable leading to undesirable oscillation in resource and power assignments. For the latter case, the authors proposed a heuristic that iteratively reduces the number of uses aiming to find a stable traffic configuration.
IV. ENERGY EFFICIENT RESOURCE ALLOCATION
To meet the Green Radio requirement, it is necessary to give more consideration to the energy efficiency in the design of wireless systems. As shown in the previous section, the resource allocation problems in OFDMA cellular systems are used to maximize the data rate and the spectral efficiency in most of the last ten years work. Recently, much attention has been paid to energy efficient design in OFDMA systems. Energy efficient link adaptation and resource allocation in uplink-OFDMA networks was investigated in flat fading and frequency selective channels [26] , [27] . In [28] , the bandwidth allocation in downlink OFDMA flat fading channels was proposed to maximize the overall bits transmitted per joule. Furthermore, power allocation was developed by [29] to maximize the energy efficiency.
A. System model and problem formulation
Let's consider downlink transmission in OFDMA-based LTE cellular system with one base station to serve J users. The multiple access in this system can be achieved by allocating different number of subcarriers N with the corresponding power level required for each user j to maximize the overall energy efficiency of the system. The total power consumption in the base station (S) includes the circuit power consumption (p c ) plus the transmit power (p tr ) if the base station is in the active mode. By using Shannon capacity equation for AWGN channel, the achievable data rate will be
where B is the signal bandwidth, g is the channel gain, and N o is the noise power spectral density. From (11) , it can be shown that the data rate, R depends on p tr regardless the circuit power consumption. The overall energy efficiency "η E ", which represents the total number of transmitted bits per joule of energy, is defined as
B. Energy efficient optimization problem
In the downlink transmission of OFDMA networks, the N subcarriers are allocated to different number of users such that each subcarrier will be allocated to one user exclusively. Upon this allocation, the energy efficiency should be maximized overall the network as
(13) Figure 5 . Relationship between energy efficiency, subcarrier assignment and power transmitted. 
The first constraint guarantees the QoS requirements, while the second one allocates the subcarriers to one user only. For energy efficient transmission, the goal is to maximize the data rate at a given amount of energy. By considering the system parameters shown in Table 2 , the energy efficiency can be maximized by activating all the possible number of subcarriers and allocating the power consequently as shown in Fig. 5 . Furthermore, the modulation and coding scheme (MCS) can affect the energy efficiency in LTE cellular systems. The relation between the modulation order (M) for uncoded M-QAM and the number of bits transmitted per symbol (b) is
The required power p tr for transmitting b bits per symbol at a given bit error rate (BER) is represented by
Equation ( 
Then, the transmit power required will be
From (19) , it is clear that the power required to transmit b bits per symbol depends on the modulation order, and thus, the energy efficiency can be optimized accordingly as shown in Fig. 6 . In other words, the modulation order can be chosen for energy efficient transmission according to power transmit or the channel gain.
V. CONCLUSION
In this paper, we presented a study of energy efficient design in LTE cellular system. We began with the LTE radio resource block and LTE frame structure. Then, we reviewed the state of art of the adaptive resource allocation in OFDMA transmission which represents the multiple access scheme in LTE. Afterwards, we proposed an energy efficient optimization function which aims to maximize the number of bits transmitted per joule at a given QoS requirements by using adaptive subcarrier allocation. We showed that the energy efficiency can be maximized in such wireless networks by allocating the maximum bandwidth available as well as adapting the modulation order. 
